Purpose: To examine the association of all-cause and premature mortality with four modifiable lifestyle behaviors and quantify the burden of behavioral-related premature death in Ontario, Canada. Methods: We analyzed a cohort of 149,262 adults in the 2000e2010 Canadian Community Health Surveys, linked to vital statistics data to ascertain deaths until December 31, 2015. The strength of the association between behaviors (smoking, body mass index, physical inactivity, and alcohol consumption) and all-cause and premature mortality was estimated using sex-specific Cox proportional hazards models. We estimated the proportion of deaths from causes amenable to the health system by behavior. Results: After full adjustment, hazard ratios (95% confidence interval) for premature mortality were significantly increased for heavy smokers versus nonsmokers [males: 5.48 (4.55e6.60); females 4.45 (3.49e5.66)]; obese class III versus normal weight [males: 2.47 (1.76e3.48); females: 1.73 (1.29e2.31)]; and physically inactive versus active [males: 1.25 (1.07e1.45); females: 1.70 (1.41e2.04)]. In both sexes, a disproportionate burden of amenable deaths were experienced by heavy smokers, severely obese, physically inactive, and heavy drinkers. Conclusions: The findings emphasize the importance of prevention to reduce the prevalence of risk behaviors that contribute to a large burden of premature deaths that are amenable to the health system.
Introduction
Patterns of health behaviors are among the determinants that influence mortality in a population, and by its extension, population health [1, 2] . Smoking, obesity, physical inactivity, and alcohol consumption are some of the most prevalent unhealthy behaviors in Canada and other high-income countries [3e6] . Females are generally more likely to engage in healthier lifestyle behaviors than men [7] , although there is evidence of gender convergence in smoking and alcohol consumption patterns [8e10]. Sex differences are also observed in mortality in that females generally have lower rates than males for all-cause and certain causes of death [11, 12] ; however, more recent trends show that the female mortality advantage is narrowing in high-income countries [13, 14] . The contribution of health behaviors to the sex differences observed in mortality is not fully understood, in part, because information on lifestyle and behavioral history before death are not routinely collected in death certificates [15] .
It is known that healthy behaviors reduce the risk of mortality [16e18] . Smoking, alcohol consumption, and obesity are among the most important risk factors for all-cause and premature death [19e21] . Moreover, gender differences in smoking and alcohol have been suggested to be important causes of the sex differences in mortality [22, 23] .
An important function of health systems is to improve population health, in part, by reducing the prevalence of underlying risk factors for disease and death. Amenable mortality is closely linked to premature mortality but focuses specifically on causes of death that may be prevented through timely and appropriate health system intervention [24] . Measuring how modifiable health behaviors contribute to amenable mortality is important for informing opportunities in which the health system can reduce premature mortality, particularly from causes in which existing public health interventions exist.
This population-based study is among a few that have linked death certificates to population health surveys to examine the role of modifiable health behaviors on mortality [16,17,20,25e27] . Specifically, we examine gender differences in the risks associated with smoking, obesity, physical inactivity, and alcohol consumption on all-cause and premature death. We also quantify gender differences in the burden of behavioral-related premature deaths that are amenable to health system intervention, in a large representative sample of Canadians that live in the province of Ontario.
Methods
This cohort study used the Canadian Community Health Survey (CCHS)elinked mortality files, accessed at the ICES. This study was approved by the Research Ethics Boards at the University of Toronto and Sunnybrook Health Sciences Centre.
Data sources
The study cohort was created by linking respondents from five cycles of the CCHS [i.e., cycles 1.1 (2000), 2.1 (2003), 3.1 (2005) , 07/ 08, 09/10] to death records obtained from the Office of the Registrar General-Deaths (ORG-D). The Registered Persons Database is the central population registry file for individuals who have ever received a health card number for the province's universal health care system and permits linkage with data holdings held at the ICES, including a 96.5% linkage rate with the ORG-D [28] .
The CCHS is a cross-sectional survey administered by Statistics Canada that collects self-reported health-related data, including health behavioral information, and is representative of 98% of the Canadian population aged 12 years and older living in private dwellings. Excluded from the CCHS sampling frame are individuals living on Indian Reserves, Canadian Forces Bases, and some remote areas. The detailed survey methodology of the CCHS is described elsewhere [29] . The ORG-D contains information on all deaths registered in Ontario from January 1, 1990, including cause of death, coded using the International Classification of Disease 9th and 10th revision, with Canadian Enhancements. The ORG-D was used to identify CCHS respondents that died after their interview date. We captured comorbidity burden for the 2 years before interview date using the Johns Hopkins ACG System and linked health administrative databases: the Discharge Abstract Database, which contains patient-level data from all hospital discharges, and the Ontario Health Insurance Plan claims database, which contains patientlevel billing claims for all physician encounters.
Study cohort
The combined CCHS cohort, with linkage to Registered Persons Database, consisted of 168,276 respondents from Ontario, Canada. We excluded individuals whose age at time of interview was less than 18 years (n ¼ 16,140), women who reported being pregnant (n ¼ 1401), subsequent records for respondents who appeared in multiple cycles (n ¼ 1465), and records where the death date occurred before CCHS interview date (n ¼ 8). After exclusions, a total of 149,262 CCHS respondents were retained for the analysis.
Mortality outcomes
The primary outcomes were all-cause mortality, premature mortality, and amenable mortality. Premature deaths were classified as a death from any cause that occurred before the age of 75 years, this upper age limit is consistent with definitions for premature mortality applied in Canada and other countries [30e32], and it is assumed that deaths before the age of 75 years are more likely be avoidable than at older ages. Established classification lists were used to identify premature deaths (<75 years) from causes that are considered amenable to existing public health intervention or in the presence of timely and quality medical care [24, 33, 34] (see Appendix A for complete list). Follow-up time was calculated from CCHS interview date to death date or end of follow-up (December 31, 2015) .
Exposure variables
The current analysis focused on four modifiable lifestyle behaviors derived from the CCHS, which are among the most prevalent risk behaviors in the Canadian population [3] : smoking, unhealthy body mass index (BMI), physical inactivity, and alcohol consumption. The CCHS questions used to define each behavioral risk factor can be found in Appendix B.
Smoking status was categorized as current heavy smoker ( BMI was calculated by dividing self-reported body weight by the square of body height (kg/m 2 ) and classified according to the international standard [35] : underweight (<18.5 kg per m 2 ), normal weight (18.5e24.9 kg per m 2 ), overweight (25.0e29.9 kg per m 2 ), obesity class I (30.0e34.9 kg per m 2 ), obesity class II (35.0e39.9 kg per m 2 ), and obesity class III (40.0 kg per m 2 ).
Physical activity was measured by the average daily energy expended for leisure time activities, calculated by multiplying the number of times engaged in each type of activity in the past year, average duration of participation in hours, and metabolic equivalent of task value assigned to each activity [36] . Respondents were categorized as being inactive (0e1.4 kcal per kg/day), moderately inactive (1.5e3.0 kcal per kg/day), and active (3.0 kcal per kg/day).
Alcohol consumption was categorized according to genderspecific cutoffs adapted from previous research [16] for the number of alcoholic drinks consumed in the previous week: heavy drinker (21 [men] , and nondrinker (did not consume alcohol in the last 12 months or drinks less than weekly).
Covariates
Household income quintile and age were captured from the CCHS. Age at interview was classified as a cubic spline with 5 knots placed at the 5th, 27.5th, 50th, 72.5th, and 95th centiles. Comorbidity was adjusted for by calculating Aggregated Diagnosis Groups (ADG) scores, which categorizes individuals illnesses based on severity and likelihood of persistence [37] .
Statistical analysis
All analyses were stratified by sex given that there are significant differences in behavioral risk factor patterns and mortality between males and females [13, 38] . Х 2 and t tests were used to assess differences in key characteristics between sexes in our study cohort. The CCHS cycles were combined using the pooled approach [39] .
We used unadjusted and adjusted Cox proportional hazards regression to examine the hazards of all-cause and premature death in relation to smoking, BMI, physical activity, and alcohol consumption. Premature mortality models were restricted to individuals who were aged less than 75 years at interview date, and survival over the follow-up period was modeled up to age 75 years, after which the individual was censored. Analyses were adjusted for sociodemographic covariates (household income and age) and comorbidity (ADG scores). Given that premature mortality is an age-specific subset of all-cause mortality, we did not adjust for age in models in our primary analysis examining the hazards of premature death but did include age-adjusted premature mortality as a supplementary analysis (results presented in Appendix C).
We examined the sex-specific burden of premature deaths across each behavioral risk factor by calculating the proportion of those who died from amenable causes of death. This analysis was restricted to deaths that occurred up until December 31, 2013, as information on cause of death was not available for the two most recent years.
All analyses were weighted using sampling weights provided by Statistics Canada to adjust for the complex sampling design of the CCHS and to produce estimates reflecting the Ontario population. Weighted 95% confidence intervals (CIs) were calculated using bootstrap weights applied using the balanced repeated replication approach for standard error estimation. All analyses were conducted using the SAS statistical software, version 9.4.
Results
Weighted sex-specific characteristics for the cohort are presented in Table 1 . At interview, females were slightly older, more likely to reside in low-income households, and had a greater comorbidity burden than males. Relative to females, unhealthy behaviors were more prevalent among males, with a larger proportion reporting being a current or former smoker, overweight, and a heavy or moderate drinker. In contrast, physical inactivity was more common among females than males. Within the cohort, 8188 males and 8741 females died during the follow-up period, with an average follow-up time of 5.5 (males) and 5.8 (females) years. The mean age at death was 73.8 (SD, 0.27) years among males and 77.5 (SD, 0.27) years among females. Tables 2 and 3 presents the sex-specific Cox proportional weighted hazards associated with each behavior on all-cause mortality and premature mortality, respectively.
Lifestyle behaviors on all-cause and premature mortality

Associations with smoking status
Among the behaviors examined, smoking had the highest risk of all-cause mortality and premature mortality, in both males and females, with a step-wise increase by smoking status (former vs. current) and frequency (heavy vs. light). After full adjustment for health behaviors, age, income, and ADG scores, heavy smoking increased the hazard of all-cause death by 4.19-fold in males (CI: 3.74e4.71) and 3.89-fold in females (CI: 3.41e4.44), relative to not smoking. In the fully adjusted premature mortality model, heavy smokers experienced a 5.48-(males, CI: 4.55e6.60) and 4.45-fold (females, CI: 3.49e5.66) increase in premature death, followed by former heavy smokers, light smokers, and former light smokers.
Associations with unhealthy BMI
In comparison to normal weight, in the fully adjusted model, a jshaped relationship was observed for the hazards of all-cause mortality and BMI groups outside the normal range, with the highest sex-specific hazards associated with obesity class III males (HR 2.11, CI: 1.65e2.70) and underweight females (HR 1.65, CI: 1.46e1.85). In both sexes, those who were overweight experienced a 12% (males, HR 0.88, CI: 0.82e0.94) and 17% (females, HR 0.83, CI: Obesity was associated with an increased risk of premature death in both males and females, as compared with normal weight. After full adjustment, the hazards of premature death were greatest for obesity class III males (HR 2.47, CI: 1.76e3.48) and females (HR 1.73, CI: 1.29e2.31), whereas the effect of overweight was not significantly associated with premature mortality in both sexes.
Associations with physical inactivity
Physical inactivity increased the risk of both all-cause and premature mortality in males and females, relative to physically active individuals. In the fully adjusted model, being inactive increased the hazard of all-cause mortality by 1.29-fold in males (CI: 1.19e1.39) and 1.45-fold in females (CI: 1.32e1.59) and increased the hazard of premature mortality by 1.25-fold in males (CI: 1.07e1.45) and 1.70-fold in females (CI: 1.41e2.04). Moderate physical activity was associated with a significantly higher risk of premature death among females only (HR 1.33, CI: 1.07e1.65).
Associations with alcohol consumption
The association of alcohol consumption on all-cause mortality differed between sexes in the fully adjusted model. Specifically, compared with light drinkers, there was a significantly higher risk of all-cause mortality associated with female heavy drinkers (HR 1.56, CI: 1.29e1.90) and nondrinkers (males, HR 1.12, CI: 1.03e1.21; females, HR 1.29, CI: 1.17e1.42), whereas a 15% reduction (HR 0.85, CI: 0.78e0.93) in risk was observed among male moderate drinkers.
Alcohol consumption had no significant association with premature mortality in either males or females after adjusting for health behaviors, income, and ADGs.
Sex differences in health behavioral risk of mortality
The fully adjusted sex-specific behavioral hazards associated with all-cause and premature mortality are plotted in Figure 1 . In both sexes, the risk associated with each unhealthy behavior was higher for premature mortality than all-cause mortality, with the exception of alcohol consumption categories (both sexes) and comparable hazards for underweight and physical inactivity (males only). For most unhealthy behavior categories, the magnitude of risk for all-cause and premature death was higher among males than females. An exception to this pattern was observed for heavy alcohol consumption (on all-cause death), physical inactivity (on premature death), and former heavy smoking (on both all-cause and premature death), in which the risks were more elevated among females than males. Table 4 shows the sex-specific distribution of amenable deaths (n ¼ 1347 in males and n ¼ 1144 in females) and nonamenable deaths (n ¼ 5739 in males and n ¼ 6302 in females) by behavior. Among the total premature deaths in males (n ¼ 2809) and females (n ¼ 2117), almost half were due to amenable causes (weighted percentages were 45.8% and 51.0%, respectively).
Behavioral-related amenable mortality burden
The prevalence of amenable deaths incrementally increased by smoking frequency, with the greatest burden experienced by heavy smokers (males: 49.28%; females: 46.52%). The proportion of amenable deaths increased with excess BMI, with the highest prevalence among decedents who were obesity class III (males: 39.59%; females: 37.81%). Across alcohol consumption categories, the greatest burden of amenable deaths was concentrated among heavy drinkers (males, 32.21%; females, 34.79%). The proportion of physically inactive decedents who died from amenable causes was 20.87% in males and 16.48% in females, which was slightly lower than the proportion of amenable deaths among physically active individuals (males, 23.08%; females, 22.87%).
Discussion
We have shown that mortality in a large population-based sample is associated with patterns of smoking, BMI, physical inactivity, and alcohol consumption. Generally, the magnitude of the risk associated with most unhealthy behaviors was more pronounced in males than females and higher for premature mortality than all-cause mortality. We have also demonstrated that in both sexes, a large portion of premature deaths are amenable to health system intervention, with the largest burden experienced by heavy smokers, such that almost half of deaths in heavy smokers were considered amendable, followed by obesity class III (almost 40% amenable), heavy drinkers (about one-third amenable), and the physically inactive (about one-fifth amenable). The results emphasize important targets for health system intervention in that a substantial burden of amenable deaths occurred among those with unhealthy behaviors. Although unhealthy behaviors are modifiable, they are shaped by income, living conditions, the built environment, and other complex factors that are challenging to address, given that political, economic, and social forces shape policy decisions [40] . This analysis is strengthened by linkages of mortality data with population survey data, which allowed for the creation of a provincially representative cohort with information on each decedent's cause of death and their health behavioral history. Few jurisdictions have access to similar data linkages for studying the underlying behavioral determinants of death at the population level.
Our findings of a stepwise increasing risk of all-cause and premature death with smoking status (current, former) and frequency (heavy, light) are similar to findings from other cohort studies [19, 20, 41] . Smoking patterns are also important causes of the narrowing gender gap and narrowing observed in mortality [22, 23] . Our results illustrate gender commonalities in smoking-related deaths in that among the risk behaviors examined, in both sexes, current heavy smoking was the most important contributor (and current light smoking the fourth leading contributor) to the burden of premature deaths that are amenable to the health system. This confirms that a large burden of amenable mortality could be avoided by public health and medical care efforts focused on tobacco cessation and preventing smoking uptake.
The graded increase in the all-cause and premature mortality risks associated with increasing obesity and lowering physical activity levels is consistent with previous evidence [16, 17, 21, 27] . Our findings of a slightly reduced risk for all-cause mortality in overweight individuals have been observed in other research [21, 27] ; further research to examine the mortality patterns among overweight individuals using multiple indicators for body fat is warranted, particularly, because a limitation of BMI is that it does not distinguish between fat and muscle mass [42] .
We found a slightly larger burden of amenable deaths observed among physically active than inactive individuals. It is possible that physically active individuals who died from amenable causes exhibited other types of risky behaviors that are associated with mortality [3, 43] ; the impact of co-occurring risk behaviors on the amenable mortality burden can be explored in future research. Given that the prevalence of obesity is steadily increasing [44] and the majority of the general population continues to be physically inactive [3] , strategies focused on reducing weights and increasing Table 3 Weighted unadjusted and adjusted sex-specific hazard ratios (HRs) * for the association between health behaviors and premature mortality physical activity levels represent appropriate targets with potential to curb the amenable mortality burden. Targeting these strategies to entire population will benefit, which is key to having impact on reducing premature deaths.
Relative to light drinkers, nondrinking (both sexes) and heavy alcohol consumption (females) were associated with a higher risk of all-cause mortality, whereas moderate drinking had a protective association among males. A similar pattern in alcohol drinking and all-cause mortality has been shown among adults in the United States [45] . The observed elevated risks among nondrinkers could be related to abstaining from alcohol due to health problems or potential misclassification of respondents as nondrinkers given that the CCHS questions assess drinking behavior for the past week. Although alcohol consumption was not significantly associated with premature death in the follow-up period of our study, a graded increase in the proportion of alcohol-related amenable deaths was observed in both sexes. These findings further support efforts by the public health and medical care system to promote low-risk drinking patterns which have potential to reduce amenable mortality.
There are some notable limitations to acknowledge when interpreting the results of this study. First was the use of selfreported behavioral measures that are subject to social desirability and over-reporting of healthy behaviors [46] . In addition, the cross-sectional nature of the CCHS limited behavioral information for a single point in time (at interview date); therefore, any change in behaviors over time was not captured. It is important to recognize that measuring these types of health behaviors at the population level is currently difficult to achieve any other way. Limited national surveys, such as the Canadian Health Measures Survey, collect information on direct physical measures, including height, weight, and physical activity; however, these cohorts were not linked to health administrative and vital statistics mortality data at the time of this study. Future efforts to better harness data from electronic medical records and linkages with data on direct physical measures may offer a more objective means by which to overcome the challenges with self-reported data. With respect to physical activity, we were only able to capture leisure-time physical activity based on the questions, which does not account for potential gains from physical activity at the workplace, home, or through active travel. This may have resulted in an underestimate on the benefits form physical activity, particularly, among those who have less means to participate in leisure time activity. Although established classification lists were used to define amenable mortality, capturing conditions, such as treatable cancers, infections, diabetes, and cardiovascular disease, other causes of death that may be viewed as amenable, such as poisonings, were not included, which may have resulted in an under-reporting of the true amenable mortality burden. Finally, potential premature deaths within the cohort that occurred after the study follow-up period were not captured. Consequently, it is possible that our findings underestimate the true risk and burden of behavioral-related deaths in Ontario.
Conclusions
Our findings indicate that smoking, obesity, and physical inactivity are persistent risk factors for all-cause and premature mortality in both males and females in Ontario. These risky health behaviors, along with alcohol consumption, account for a large burden of premature deaths that are amenable to health system intervention. The findings emphasize the importance of integrated efforts by the public health and medical care system to prevent and modify risky behaviors in the population. 
